The kinetics of incorporation of leucine, galactose and mannose into intracellular and secreted myeloma protein, MOPC 21 IgG, and MOPC 46 K-type light chain, by cell suspensions of two myeloma plasma-cell tumours, MOPC 21 and MOPC 46, were similar. Radioactive galactose was incorporated to over 90% into galactose residues ofintracellular and secreted protein, mannose to over 90% into glucosamine and mannose residues of intracellular protein and to over 90% into glucosamine, mannose and fucose residues of secreted protein, but not into galactose residues. The results show that specific residues in the carbohydrate portion of myeloma proteins can be labelled by specific radioactive monosaccharides, and suggest that fucose residues are added, while myeloma protein is in its final stage ofsecretion from the plasma cell. The kinetics of incorporation indicate at least three sequential precursor-product relationships between different intracellular forms and the secreted form of myeloma protein.
Immunoglobulins are glycoproteins that are synthesized and secreted by plasma cells. IgG* has been found to contain at least two, probably identical, carbohydrate groups with a molecular weight of 2500-3000 attached to each of the two heavy chains at identical points within their Cterminal halves (Fleischmann, Pain & Porter, 1962; Edelman et al. 1969) . In some cases, additional points of attachment for carbohydrate have been found (Utsumi & Karush, 1965; Smyth & Utsumi, 1967) .
It has been suggested, more generally for all glycoproteins (Eylar, 1966) , that the biosynthetic steps by which carbohydrate is attached to the protein might be part of the processes by which plasma cells transport and secrete immunoglobulins (Melchers & Knopf, 1967; Swenson & Kern, 1967) . After its synthesis on polyribosomes (Scharff, Shapiro & Ginsberg, 1967; Askonas & Williamson, 1967 ) a lag of approx. 30min was observed before the appearance of immunoglobulin outside the plasma cells (Helmreich, Kern & Eisen, 1961) . During this lag period the immunoglobulin to be secreted has been shown to migrate from the membranous structures of the rough endoplasmic reticulum into those of the smooth endoplasmic reticulum and from there out of the plasma cells * Abbreviation: IgG, immunoglobulin G (World Health Organization, 1964). . (Rifkind, Osserman, Hsu & Morgan, 1962; de Petris, Karlsbad & Pernis, 1963; Jamieson & Palade, 1966 , 1967a Knopf, Choi & Lennox, 1969) . There is evidence that during this migration attachment of carbohydrate to immunoglobulin polypeptide chains proceeds in several steps at different sites within the plasma cell. Glucosamine may already be added to growing or unreleased polypeptide chains onpolyribosomes (Melchers&Knopf, 1967; Shenkein & Uhr, 1969) . Most of the glucosamine and mannose residues are attached to completely synthesized immunoglobulin chains isolated from rough membranes, whereas galactose residues are found only in protein from smooth membranes (Melchers, 1969b) and fucose residues only in secreted protein (Melchers & Knopf, 1967) .
The suggested stepwise addition of carbohydrate residues to immunoglobulin chains implies several precursor-product relationships between different forms of intracellular and secreted protein. The two plasma-cell tumours transplantable in Balb/c-mice, namely MOPC 21, producing and secreting IgG myeloma protein (Potter, 1967) , and MOPC 46, producing and secreting a K-type light chain with carbohydrate attached to it (Melchers, Lennox & Facon, 1966; Melchers, 1969a) , have been taken as model substances to study the kinetics of incorporation of radioactive leucine, mannose and galactose into the carbohydrate portion of immunoglobulins. Cell suspensions were prepared by teasing apart the excised tissue from small tumours with two pairs of forceps in cold (4°C) modified Eagle's medium (Vogt & Dulbecco, 1963) containing 10% (w/v) offoetal calfserum (Grand Island Biological Co., Grand Island, N.Y., U.S.A.). The cells were filtered free from connective tissue through a 200-mesh stainless-steel screen and washed twice with the same cold medium by centrifugation for 15min at 120g and 40C. Viability of cells was determined by the uptake of fluorescein dibutyrate (Nutritional Biochemical Corp., Cleveland, Ohio, U.S.A. ; Rotman & Papermaster, 1966) . Only cell suspensions with viability counts greater than 80% were used in incubations with radioactive material.
For the incorporation of radioactive leucine, mannose and galactose conditions similar to those described by Knopf et al. (1969) Determination of total trichloroacetic acid-precipitable radioactivity incorporated by plasma cells after various incubation times, separation of plasma cells from their supernatant medium, lysis of the plasma cell pellets with Nonidet P-40 (Shell Chemical Co., London S.E.1, U.K.) non-ionic detergent and precipitation by specific antiserum of radioactivity incorporated into myeloma protein was carried out essentially as described by Knopf et al. (1969) . The serologically precipitated [3H]leucinelabelled material was examined by polyacrylamide-gel electrophoresis (Maizel, 1966; Choules & Zimm, 1965) RESULTS Cell suspensions of the two plasma-cell tumours MOPC 21 and MOPC 46 were incubated with radioactive leucine or sugars for various times up to 10h under conditions described in the Materials and Methods section. The kinetics of synthesis and secretion of the protein and carbohydrate moieties of the two myeloma proteins were studied and compared by following the incorporation of radioactive leucine, mannose and galactose into intracellular and extracellular material precipitable by trichloroacetic acid as well as that precipitable by specific antiserum. In experiments with radioactive galactose and mannose the radioactivity incorporated into myeloma protein was analysed as described in the Materials and Methods section.
Incorporation (0) (Fig. 1) . Fig. 5 . In intracellular protein only mannose and glucosamine residues were labelled to any great extent. Mannose residues in the carbohydrate moiety reached a constant specific radioactivity after 4-5h, glucosamine residues after 2-3h. Less than 3% of the label incorporated into intracellular as well as secreted myeloma protein was found in galactose.
[There is a constant increase of a minor amount of radioactive fucose in intracellular protein from about 0.03% of the total radioactivity in carbohydrate positions at 2h to about 3% at 10h (Fig. 5) myeloma protein contained an appreciable amount of radioactivity in fucose. The initial ratio of radioactivity in fucose residues to that in mannose residues in secreted protein changed from 60:40 at 45min to a constant value of 22:78 at 4-5h and later (Fig. 6 ). Possible radioactivity in N-glycollylneuraminic acid residues has not been determined in these analyses. These results support previous findings (Melchers & Knopf, 1967 ) that most of the fucose is found attached to the carbohydrate moiety of secreted but not of intracellular myeloma protein. They suggest that addition of some of the residues of the carbohydrate group is stepwise; mannose (and glucosamine) residues seem to be added earlier than fucose residues.
Although [1_3H]mannose was incorporated to over 90 % into known carbohydrate residues of myeloma protein, this was not the case for [U-_4C]-mannose. The ratio of the radioactivity in mannose residues to that in glucosamine residues (to fucose residues in secreted protein) was the same, however; 20-25% of the total radioactivity was found in material that was adsorbed on Dowex 1 (X8) and Dowex 50 (X8) together with glucosamine. On Amberlite CG-120 columns this 20-25% of the total radioactivity was eluted in several peaks before and after the glucosamine peak (see the Materials and Methods section).
Although not yet identified, these peaks probably represent amino acids or peptides.
Very (Melchers, 1969b) , are discrepant from the results of the analysis reported in this paper, since a considerable amount of radioactivity was found incorporated into galactose residues. The reasons for this difference are not clear at present. In earlier analyses of D-[U-14C]-galactose-labelled MOPC 46 light chain radioactivity was found in galactose residues as well as in an unidentified compound. The increase in the sulphuric acid concentration from 0. 125M to 0. 175M during hydrolysis of the glycoprotein (see the Materials and Methods section) led to all the radioactivity of this compound being associated with a substance that migrated at a position coinciding with that of galactose on Dowex 2 (X8) column chromatography. (Melchers, 1969a) , can be used as a model system to study the biosynthesis of the carbohydrate portion of immunoglobulins (Melchers & Knopf, 1967 molecules (cf. Itano, 1966 ; in this Symposium). These numbers are strikingly similar to the ones calculated above for plasma cells.
DISCUSSION
Incorporation of radioactive galactose, mannose, or both, into glycoproteins including immunoglobulins has been studied in several laboratories and similar results have been obtained in analysing the radioactivity incorporated (McGuire, Jourdian, Carlson & Roseman, 1965; Swenson & Kern, 1967; Schenkein & Uhr, 1969; Herscovics, 1969 (Helmreich et al. 1961; Knopf et al. 1969 ) of 20-30min, suggesting that only after this lag-time is myeloma protein capable of accepting galactose.
The intracellular product, [3H]galactose-labelled protein, appears to be synthesized from the intracellular precursor, [3H]mannose-labelled protein.
The conversion into the galactose-containing forms seems to be the rate-limiting step in the secretion of myeloma protein from plasma cells. This supports the kinetic results of Knopf et al. (1969) , showing that the rate-limiting step of secretion is the transfer of myeloma protein from rough to smooth membranes within plasma cells, and analyses (Melchers, 1969b) showing that during this transfer galactose is added to the carbohydrate moiety of myeloma protein.
Preliminary experiments in this laboratory indicate that similar kinetics of synthesis and secretion with similar incorporation of radioactive mannose and galactose into the carbohydrate moiety of immunoglobulin can also be obtained with lymphoid cells from lymph nodes and spleens of hyperimmunized mice. Therefore I consider that inyeloma plasma cells are suitable model cells for the study of the kinetics of radioactive leucine, mannose and galactose into immunoglobulin.
